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ProgenitorsIn mice, the Nkx6 genes are crucial to α- and β-cell differentiation, but the molecular mechanisms by which
they regulate pancreatic subtype speciﬁcation remain elusive. Here it is shown that in zebraﬁsh, nkx6.1 and
nkx6.2 are co-expressed at early stages in the ﬁrst pancreatic endocrine progenitors, but that their expression
domains gradually segregate into different layers, nkx6.1 being expressed ventrally with respect to the
forming islet while nkx6.2 is expressed mainly in β-cells. Knockdown of nkx6.2 or nkx6.1 expression leads to
nearly complete loss of α-cells but has no effect on β-, δ-, or ε-cells. In contrast, nkx6.1/nkx6.2 double
knockdown leads additionally to a drastic reduction of β-cells. Synergy between the effects of nkx6.1 and
nkx6.2 knockdown on both β- and α-cell differentiation suggests that nkx6.1 and nkx6.2 have the same
biological activity, the required total nkx6 threshold being higher for α-cell than for β-cell differentiation.
Finally, we demonstrate that the nkx6 act on the establishment of the pancreatic endocrine progenitor pool
whose size is correlated with the total nkx6 expression level. On the basis of our data, we propose a model
in which nkx6.1 and nkx6.2, by allowing the establishment of the endocrine progenitor pool, control α- and
β-cell differentiation.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The pancreas is a heterogeneous organ that comprises an exocrine
compartment secreting digestive enzymes into the gut and an
endocrine compartment which, via different hormones produced by
speciﬁc cell types, regulates glucose homeostasis. Due to the large
prevalence of the diabetes mellitus in the western population, the
development of the pancreas has been intensively studied and, during
the last years, has raised the hope of a diabetes treatment by cell-
therapy. Yet generating functional insulin-secreting β-cells from stem
cells or other cell types will require detailed knowledge of the
different factors and signals responsible for the differentiation of
pancreatic progenitors into fully mature pancreatic endocrine cells.
In zebraﬁsh as in amniotes, pancreatic progenitors originate from
the epithelium of the dorsal and ventral foregut. The ﬁrst morpho-
logical evidence of the future pancreas appears 24 h post-fertilization
(hpf) as a small bud emerging from the dorsal epithelium (Field et al.,
2003). This bud, contrarily to what is observed in amniotes, will give
rise to endocrine cells but not to exocrine cells (Field et al., 2003).
Pancreatic endocrine progenitors, however, begin their differentiation
long before this dorsal bud appears and by 24 hpf, many of them arealready differentiated into hormone-expressing endocrine cells. The
β-cells are the ﬁrst to appear, insulin transcripts being detectable as
early as the 12-somite stage (15 hpf) (Biemar et al., 2001).
Somatostatin mRNA produced by δ-cells, glucagon mRNA produced
by α-cells (Argenton et al., 1999; Biemar et al., 2001), and ghrelin
mRNA produced by ε-cells (Pauls et al., 2007) are detectable later,
respectively from the 16-somite (17 hpf), 24-somite (21 hpf) (Biemar
et al., 2001), and 26-somite (22 hpf) stage (L. Flasse, personal
communication).
Speciﬁc transcription factors gradually restrict the developmental
potential of the pancreatic endocrine progenitors and promote their
differentiation into speciﬁc cell types. In particular, the factors
encoded by the homeobox genes Nkx6.1 and Nkx6.2 are involved in
the differentiation process of α- and β-cells in mice. Nkx6.1−/− mice
show a markedly reduced number of β-cells (Sander et al., 2000),
whereas the pancreas appears normal in Nkx6.2−/− mice (Henseleit
et al., 2005). In Nkx6.1−/−/Nkx6.2−/− mice, the pancreas displays
even fewer β-cells than in Nkx6.1−/− mice and also a severely
reduced number of α-cells (Henseleit et al., 2005). The fact that β-cell
differentiation requires Nkx6.1 but not Nkx6.2 expression could mean
that the two Nkx6 factors have different biological activities, but other
evidence contradicts this hypothesis: it appears that both Nkx6 genes,
when expressed in the domain of the pan-pancreatic marker Pdx1,
can partially restore β-cell formation in Nkx6.1−/−mice (Nelson et al.,
2007). This suggests that the two Nkx6 genes can exert similar
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between these genes seem largely determined by their divergent
spatiotemporal expression patterns: after partial colocalization in the
early, undifferentiated pancreatic epithelium, their expression
domains diverge during development; Nkx6.1 expression becomes
restricted to β-cells while Nkx6.2 expression becomes restricted to a
subset of α- and exocrine cells before disappearing from pancreas
around birth (Sander et al., 2000; Henseleit et al., 2005). Equivalent
biological activities have also been reported for Nkx6.1 and Nkx6.2 in
the spinal cord, where both factors can induce motoneuron formation
when misexpressed in the neural tube, even though only Nkx6.1 is
actually required for motoneuron development (Vallstedt et al.,
2001). Here again, the observed functional differences appear
attributable to divergent expression patterns: after initially coinciding
at early stages, the expression domains of the two genes diverge into
adjacent territories (Vallstedt et al., 2001). In zebraﬁsh, nkx6.1 and
nkx6.2 likewise appear to perform similar functions in promoting
primary motoneuron speciﬁcation, but in this case they are both
effectively required for this process. This is consistent with the fact
that their expression domains do not segregate, allowing both of them
to be expressed in themotoneuron progenitor domain (Hutchinson et
al., 2007). So far no reports have addressed the role of the nkx6 genes
in pancreas development in zebraﬁsh. In this study, we analyzed the
implication of nkx6.1 and nkx6.2 in pancreatic development and found
a complete inverse situation in zebraﬁsh compared to mice. Indeed, in
zebraﬁsh, a single nkx6 knockdown leads to the loss of α-cells while
the double knockdown results into a drastic α- and β-cells reduction.
Our discovery that nkx6 genes control the endocrine progenitor pool
could explain these differences and brings the challenging hypothesis
that the nkx6 genes regulate α- and β-cell differentiation by
controlling the number of their progenitors.
Materials and methods
Embryos
Zebraﬁsh (Danio rerio) were raised and cared for according to
standard protocols (Westerﬁeld, 1995). Wild-type embryos of the AB
strain were used and staged according to Kimmel (Kimmel et al.,
1995).
Morpholino design and injection
Morpholino oligonucleotides (MO) were synthesized by Gene
Tools (Corvalis, OR). Each MO was resuspended in Danieau's solution
at the stock concentration of 1 mM or 2 mM. For injection, this stock
solution was diluted as speciﬁed in Danieau's solution. Rhodamine
dextran was added at 0.5% to the samples to allow checking the
injection efﬁciency. For nkx6.1 we used two morpholinos: a Mo1 6.1
translation-blocking morpholino already described as efﬁcient
(Cheesman et al., 2004), and a Mo2 6.1 splicing-blocking morpholino
targeting the junction between the ﬁrst intron and the second exon
(TGAGTTTTGATCTGTAAAGGAAGAC). The optimal dose was 4 ng for
both Mo1 6.1 and Mo2 6.1; we also used a mix of 2 ng of both,
referenced as Mo 6.1. For nkx6.2, we designed two splicing-blocking
morpholinos, one Mo1 6.2 targeting the junction between the second
exon and the second intron (CTGGGAGTTTTGTGTTTACCTTGAC) and
one Mo2 6.2 targeting the junction between the ﬁrst intron and the
second exon (ATGTTTGCTTGGGCTGAAGAAGAAG). The optimal doses
were 1 ng forMo16.2morpholino and0.5 ng forMo26.2;we also used
a mix of 1 ng Mo1 6.2 and 0.5 ng of Mo2 6.2 referenced as Mo 6.2.
Double-knockdown experiments were performed by simultaneously
injecting 2 ng of Mo2 6.1 and 1 ng of Mo1 6.2; the mix was referenced
as Mo 6.1/6.2. Each injection mix additionally included 3 ng of a
morpholino directed against p53 mRNA, so as to prevent nonspeciﬁc
apoptosis (Robu et al., 2007). A standard controlMo (Mo cont) has alsobeen designed by Gene Tools in away that it should have no target and
no signiﬁcant biological activity (CCTCTTACCTCAGTTACAATTTATA).
Whole-mount in situ hybridization (WISH)
Single and double ﬂuorescent in situ hybridizations were per-
formed as described (Hauptmann and Gerster, 1994) (Mavropoulos
et al., 2005). Anti-sense RNA probes were prepared by transcribing
linearized cDNA clones with SP6, T7 or T3 polymerases using
dioxigenin labeling mix (Roche) or DNP-11-UTP (TSA™ Plus system,
Perkin Elmer). They were subsequently puriﬁed on NucAway spin
columns (Ambion) and ethanol precipitated. The riboprobes used
were nkx6.1(Cheesman et al., 2004), foxa1 (Odenthal and Nusslein-
Volhard, 1998), neuroD (Korzh et al., 1998), glucagon (Argenton et al.,
1999), insulin (Milewski et al., 1998), somatostatin (Argenton et al.,
1999), ghrelin (Pauls et al., 2007), sox4b (Mavropoulos et al., 2005),
pdx1 (Milewski et al., 1998), pax6b (Nornes et al., 1998), myod
(Weinberg et al., 1996) and isl1 (Korzh et al., 1993). The analyses of
global hormone expression were obtained by using a mix of glucagon,
insulin, somatostatin and ghrelin riboprobes. The nkx6.2 riboprobe was
made from full-length nkx6.2 cDNA. This cDNA was cloned by PCR
performed on cDNAs of 24 hpf embryos, using the primers 059
(ATGGATAGAAGCCGACAGAGTGC) and 077 (CAGCCCATATTAATTG-
CTTGCAGCCAGTTA). The obtained fragment, corresponding to the
nkx6.2 cDNA, was cloned in pGEMT-easy vector (Invitrogen) and used
as a template for preparing labeled anti-sense RNA probes.
In visible WISH, cell counting was performed directly under the
microscope by focusing successively on each layer of stained cells. The
NBT/BCIP staining was carefully monitored in order to avoid an
overstaining which would have prevented us to visualize the
individual cell boundaries.
Fluorescence imaging
Confocal imaging was performed with a Leica TCS SP2 inverted
confocal laser microscope (Leica Microsystems, Germany). Digitized
images were acquired with a 20 Plan-Apo objective and a 60 Plan-Apo
water-immersion objective at 1024_1024 pixel resolution. For
multicolor imaging, FITC was excited at 488 nm and the emitted
light was dispersed and recorded at 500–535 nm. Cy3 was excited at
543 nm and the ﬂuorescence emitted was dispersed and recorded at
555–620 nm. The acquisition was set up to avoid any cross-talk
between the two ﬂuorescence emissions. Series of optical sections
were done to analyze the spatial distribution of the ﬂuorescence, and
for each embryo, they were recorded with a Z-step ranging between 1
and 2 µm. Image processing, including background subtraction, was
performed with Leica Confocal Software (LCS lite version 2.61).
Captured images were exported as TIFF ﬁles and further processed
with Adobe Photoshop and Illustrator CS2 for ﬁgure mounting.
Results
In the developing pancreas, nkx6.1 and nkx6.2 are expressed in gradually
segregating domains
We analyzed by whole-mount in situ hybridization (WISH) the
expression patterns of nkx6.1 and nkx6.2 at various stages of
development. From the 4-somite stage onward, we detected tran-
scripts of both nxk6.1 and nkx6.2 in a row of cells located immediately
above the large syncytial yolk cell layer (Figs. 1, left panel A–B). All
these nkx6-expressing cells were also found to express foxa1, which
identiﬁes them as endodermal cells (Figs. 1, right panel A–F). At the
same stage appear the ﬁrst pancreatic endocrine progenitors,
identiﬁed by expression of neuroD (nrd), a well-known marker of
the pancreatic endocrine cell lineage in various species (Ahnfelt-
Ronne et al., 2007; Huang et al., 2000; Naya et al., 1997). All neuroD-
Fig. 1. Pancreatic expression patterns of nkx6.1 and nkx6.2. Left panel: Whole-mount in situ hybridizations (WISHs) showing expression of nkx6.1 (A,C,E, G) and nkx6.2 (B,D,F, H) at 4
somites (A,B), 18 somites (C,D), 24 hpf (E,F), and 48 hpf (G,H). Right panel: Double ﬂuorescent WISHs showing expression of nkx6.1 and foxa1 (A–C) or neuroD (nrd) (G–I) and of
nkx6.2 and foxa1 (D–F) or neuroD (J–L) at 6 somites. Z-plane confocal images. All views are lateral with anterior part to the left. Scale: 20 µm.
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G–L). As somitogenesis progressed, the nkx6.1 and nkx6.2 expression
domains gradually became more restricted, eventually clustering at
the level of the third somite, in the pancreatic region (Figs. 1, left panel
C–F). This pancreatic expression was still detectable at 48 hpf (Figs. 1,
left panel G–H).
Despite the apparent similarities between the nkx6.1 and nkx6.2
pancreatic expression patterns, a comparative analysis by double-
ﬂuorescence WISH revealed extensive colocalization only at the ﬁrst
stages of somitogenesis (Figs. 2 A–C). At the 12-somite stage, only a
few cells still appeared to coexpress both genes (arrowhead in Figs. 2
D–F), and from the 18-somite stage onward, the expression domains
of nkx6.1 and nkx6.2 became totally distinct, nkx6.1 being expressed
more ventrally than nkx6.2 (Figs. 2 G–I).
To determine which cell types express the nkx6 genes as
development progresses, we compared the expression of nkx6.1 and
nkx6.2with that of the genes encoding various pancreatic transcription
factors and hormones. At 24 hpf, nkx6.1 expression did not colocalize
with that of any of the four pancreatic hormone genes, its expression
domain being essentially ventral with respect to the hormone-
producing cells (Figs. 3 A–D). We also found nkx6.1 to be mainly
expressed more ventrally than sox4b (Fig. 3 F), a marker of pancreatic
endocrine progenitors (Mavropoulos et al., 2005; Soyer et al., 2010). In
fact, the nkx6.1 expression domain appeared ventral with respect to
the whole domain labeled by neuroD (Fig. 3 E), but it nevertheless was
part of the expression domain of pdx1 (Fig. 3 G), which labels all
pancreatic cells and the nearby prospective gut region (Biemar et al.,
2001; Field et al., 2003).
Unlike that of nkx6.1, the nkx6.2 expression domain was found at
24 hpf to be included within the neuroD expression domain (Fig. 3 L),but not within the sox4b expression domain (Fig. 3 M), indicating that
nkx6.2 is no longer expressed in these pancreatic endocrine
progenitors at 24 hpf. On the other hand, nkx6.2 was found to be
expressed in isl1-expressing cells (Fig. 3 N), described in mouse as
pancreatic post-mitotic hormone-expressing cells (Ahlgren et al.,
1997). The vast majority of the insulin-positive cells were found to
coexpress nkx6.2 at 24 hpf (Fig. 3 I) and also at the 18-somite stage
and at 30 hpf (supplementary data S1). In contrast, nkx6.2 transcripts
showed no colocalization with glucagon, somatostatin, or ghrelin
transcripts at 24 hpf (Figs. 3 H, J, and K) or at any of the other stages
tested (supplemental data S1).
Taken together, these results depict a multi-layer pancreatic
organization at 24 hpf (see schematic representation in Fig. 3Q). At
this stage, nkx6.1 is expressed at the base of the forming pancreatic islet,
ventrally with respect to the sox4b-expressing cell layer corresponding
to pancreatic endocrine progenitors. Further dorsally located is the isl1-
expression domain (Fig. 3 O), divided into a posterior subdomain
containing the bulk of the hormone-expressing cells and an anterior
subdomain mostly devoid of them (Fig. 3 P). The nkx6.2 expression
domain, included in the isl1 domain, also displays two subdomains, one
without hormone-transcript-positive cells and the other containing the
insulin-expressing cells (Fig. 3 I).
nkx6.1 and nkx6.2 are both required to allow α-cell differentiation, but
only one of them is necessary for β-cell differentiation
To gain insights into the pancreatic function of the nkx6 genes,
we performed loss-of-function experiments, using two different
morpholinos for each gene. Knockdown of nkx6.1 expression by
injection of Mo1 6.1, a morpholino blocking mRNA translation and
Fig. 2. Comparison of nkx6.1 and nkx6.2 pancreatic expression. Double ﬂuorescent WISHs showing expression of nkx6.1 and nkx6.2 at 6 somites (A–C), 12 somites (D–F), and 18
somites (G–I). The arrowhead points to a cell expressing both nkx6.1 and nkx6.2 at 12 somites. Z-plane confocal images. All views are lateral with anterior part to the left. Scale: 20 µm.
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(Cheesman et al., 2004), was found to lead to a 3-fold decrease in the
number of glucagon-expressing cells (Figs. 4 A, E, Q). The second
morpholino Mo2 6.1, which disrupts nkx6.1 RNA splicing, decreased
this number even more efﬁciently (Fig. 4 Q). When injected together,
the two morpholinos appeared to act synergistically, the average
number of glucagon-expressing cells dropping to 1 cell per embryo
(Fig. 4 Q). In contrast, nkx6.1 knockdown had no effect on the number
of insulin-, somatostatin-, or ghrelin-expressing cells (Figs. 4 B–D, F–H;
for data quantiﬁcation, see supplementary data S2). It is important to
note that in zebraﬁsh at 30 hpf, ghrelin is not co-expressed with any
other pancreatic hormone (data not shown). Interestingly, nkx6.2
knockdown with two splicing-blocking morpholinos led to a similar
pancreatic defect, causing a drastic decrease in the number of glucagon-
expressing cells (Figs. 4 A, I, R)without affecting the numbers of insulin-,
somatostatin-, or ghrelin-expressing cells (Figs. 4 B–D, J–L; for data
quantiﬁcation, see supplementary data S2). When the expression of
both nkx6 genes was simultaneously impaired, we observed not only a
total disappearance of glucagon-expressing cells (Figs. 4 A,M, S) but also
a severe reduction in the number of insulin-expressing cells (Figs. 4 B, N,
S). No signiﬁcant change in the number of somatostatin- or ghrelin-
expressing cells was observed in these double-knockdown embryos
(Figs. 4 C–D, O–P, S). The observed pancreatic phenotype of the
morphants is not the consequence of toxic or extra-pancreatic
pleotropic effects as the injections of the morpholinos do not affect
the general morphology of the embryos nor the global expression
pattern of foxa1 at 30 hpf (supplementary data S3 A–H).In conclusion these data show that, although nkx6.1 and nkx6.2
can compensate for each other's knockdown to allow β-cell formation,
both factors are required for α-cell formation.
Synergistic effect of nkx6.1 and nkx6.2 knockdown on α- and β-cell
differentiation
The ability of nkx6.1 and nkx6.2 to compensate for each other's
absence in promoting β-cell differentiation strongly suggests that
nkx6.1 and nkx6.2 exert the same biological activity, i.e. regulate the
same set of target genes important for β-cell differentiation. On the
other hand, the absence of compensation in the case of α-cell
differentiation does not necessarily imply that nkx6.1 and nkx6.2
perform different functions. It could be that α-cell differentiation
requires a higher total level of nkx6 factors than β-cell differentiation,
a threshold not reached when expression of one nkx6 gene is
impaired. To test this hypothesis, we performed a partial knockdown
of each gene by injecting low amounts of morpholinos in order to
slightly reduce the level of each nkx6 protein. On the basis of a dose–
response curve produced for Mo2 6.1 and Mo1 6.2 (supplementary
data S4), partial knockdown of each gene was achieved by injecting
0.3 ng of Mo2 6.1 and 0.1 ng of Mo1 6.2. These amounts had no
detectable effect on the number of glucagon-expressing cells when
injected separately (Figs. 5 A–C, E), but in combination, they caused a
more than 50% decrease in this number (Figs. 5 A, D, E). Furthermore,
a dose–response curve produced with the combination of the two
morpholinos clearly highlighted the fact that α-cell differentiation is
Fig. 3. nkx6.1 and nkx6.2 pancreatic expression at 24 hpf. A–P: Double ﬂuorescentWISHs showing expression at 24 hpf of nkx6.1 and glucagon (gcg) (A), insulin (ins) (B), somatostatin
(sst) (C), ghrelin (ghr) (D), neuroD (E), sox4b (F) or pdx1 (G), of nkx6.2 and glucagon (H), insulin (I), somatostatin (J), ghrelin (K), neuroD (L), sox4b (M) or isl1 (N) and of isl1 and sox4b
(O) or all the pancreatic hormone genes (P). Z-plane confocal images. Scale: 20 µm. Q: Schematic representation of pancreatic organization at 24 hpf. All views are lateral with
anterior part to the left. h: hypochord.
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differentiation (Fig. 5 F).
Taken together, these results support a model in which nkx6.1
and nkx6.2 regulate the same set of target genes important for α- and
β-cell differentiation, but where α-cell differentiation requires a
higher total nkx6 amount than β-cell differentiation.The nkx6 genes do not regulate each other
We next determined whether the nkx6 factors can regulate each
other's expression as is the case in mouse, where Nkx6.1 has been
shown to repress Nkx6.2 expression in both the nervous system
(Cheesman et al., 2004) and the pancreas (Henseleit et al., 2005),
Fig. 4. Effects of nkx6 knockdown on endocrine cells. A–P: Ventral views of WISHs showing expression of glucagon at 30 hpf (A, E, I and M), insulin at 24 hpf (B, F, J and N),
somatostatin at 24 hpf (C, G, K and O), and ghrelin at 30 hpf (D, H, L and P) in control (A–D), nkx6.1 (E–H), nkx6.2 (I–L), and nkx6.1/nkx6.2 (M–P) morphants. Scale: 20 µm. Q–S:
Number of cells expressing glucagon at 30 hpf in nkx6.1 (Q) and nkx6.2 (R) morphants (the horizontal line represents the mean) and number of cells expressing the different
pancreatic hormones at 30 hpf in nkx6.1/nkx6.2 morphants (S). The presented data are representative of at least three reproducible and independent experiments.
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Fig. 5. Synergistic effects of nkx6 knockdown on alpha-cells. A–D: Ventral views of WISHs showing expression of glucagon at 30 hpf in control morphants (A) and in morphants
injected with 0.3 ng Mo2 6.1 (B), with 0.1 ng Mo1 6.2 (C), or with both simultaneously (D). Scale: 20 µm. E: Number of glucagon-expressing cells in these various morphants (the
horizontal line represents the mean). The presented data are representative of at least two reproducible and independent experiments. F: Quantitative analysis of glucagon and
insulin expression in 30 hpf embryos, expressed as percentages (100% being arbitrarily ﬁxed as the number of cells in control embryos), following simultaneous injections of Mo2 6.1
and Mo1 6.2 at increasing concentrations. The presented data are representative of at least three reproducible and independent experiments.
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mice. In zebraﬁsh, nkx6.1 knockdown does not cause any obvious
change in pancreatic nkx6.2 expression (Figs. 6 A, B), nor does nkx6.2
knockdown affect nkx6.1 expression in the pancreas (Figs. 6 C, D).
Moreover, nkx6.1 and nkx6.2 transcripts are still detectable in distinct
domains after the knockdown of one nkx6 gene, indicating a lack of
mutual repression (Figs. 6 E–G).
nkx6.1 and nkx6.2 are necessary for the establishment of the pancreatic
endocrine progenitor pool
The ability of nkx6.1 and nkx6.2 to compensate for each other's
absence to allow β-cell development implies that both factors should
affect this process at the time they are expressed in the same cells. As
shown previously, their coexpression is observed within the pancre-
atic endocrine progenitors only at early somitogenesis stages. This
suggests that the nkx6 genes might control the pancreatic endocrine
progenitor pool.
To test this hypothesis, we monitored in nkx6 morphants the
expression of isl1, a post-mitotic endocrine marker in mouse, and
sox4b which, although its knockdown affects only the glucagon-
expressing cells, seems to be expressed at the 18-somite stage in all
pancreatic endocrine progenitors (Mavropoulos et al., 2005; Soyer
et al., 2010). When expression of one of the nkx6 genes was impaired,
there was a slight decrease in the number of sox4b-expressing cells at18 somites (∼25%), but this decrease was more drastic in nkx6.1/
nkx6.2 double morphants (∼50%) (Figs. 7 A–D, Q). At 24 hpf, all nkx6
morphants showed a decrease in the number of isl1-expressing cells
(Figs. 7 E–H, R). As mentioned above, the isl1 domain at this stage
comprises two subdomains: a posterior part containing hormone-
expressing cells and an anterior part which is devoid of them. A
detailed analysis of the corresponding cell populations in the
morphants revealed that the observed isl1-expressing cell depletion
affectedmainly the isl1-expressing cells that do not express a hormone
(Figs. 7 I–L, S). Thiswas also visualized bymeasuring the size of the isl1
domain, whose anterior hormone-free subdomain appeared much
smaller (∼78% smaller on the average) in nkx6 morphants.
In conclusion, our data show that single knockdown of nkx6.1 or
nkx6.2 expressionmostly results in a reduction in the number of isl1+/
hormones− cells while nkx6 double morphants additionally display a
drastic reduction in sox4b-expressing endocrine progenitor cells.
These results indicate that nkx6.1 and nkx6.2 are key factors for the
establishment or maintenance of an optimal pool of pancreatic
endocrine progenitors.
To discriminate between these two possibilities, we analyzed at
early stages in nkx6 morphants the expression of factors known to be
expressed in the pancreatic endocrine progenitors i.e. neuroD, sox4b,
pdx1 and pax6b (Biemar et al., 2001; Delporte et al., 2008; Mavropoulos
et al., 2005; Soyer et al., 2010; supplementary data S5). Our results
showed that at the 13-somite stage, the expression of all these markers
Fig. 6. nkx6.1 and nkx6.2 do not regulate each other. A–D:WISHs showing expression of
nkx6.2 in control (A) and nkx6.1 (B) morphants, and of nkx6.1 in control (C) and nkx6.2
(D) morphants. E–G: Double ﬂuorescent WISHs showing expression of nkx6.1 and
nkx6.2 in control (E), nkx6.1 (F), and nkx6.2 (G) morphants; Z-plane confocal images.
The presented data are representative from at least three reproducible and independent
experiments. All views are lateral views of 24 hpf embryos with anterior part to the left.
Scale: 20 µm.
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progenitor cells committed to an endocrine fate in nkx6 morphants
(Fig. 8). This was not due to a general developmental delay as
the number of somites stained by myoD WISH was not reduced
(supplementary data S3). This decrease is much more pronounced in
the double nkx6 morphants, conﬁrming that the size of the pancreatic
endocrine progenitor pool is correlated with nkx6 expression levels.
Discussion
Our results show that at early stages, nkx6.1 and nkx6.2 are largely
co-expressed in pancreatic progenitors. Their expression domains
then segregate and nkx6.2 expression becomes restricted to β-cells
while nkx6.1 is expressed ventrally with respect to the forming
endocrine bud. Our loss-of-function experiments establish that
expression of one nkx6 gene, whichever one, is required for β-cell
differentiation, while expression of both of them is required for α-celldifferentiation. Synergy between the effects of nkx6.1 and nkx6.2
knockdown on both β- and α-cell differentiation suggests that nkx6.1
and nkx6.2 have the same biological activity, the required total
amount of nkx6 being higher for α-cell than for β-cell differentiation.
Moreover, we have demonstrated that in zebraﬁsh, the number of
pancreatic endocrine progenitor cells correlates with total nkx6
expression, suggesting that the nkx6 genes regulate α- and β-cell
development by controlling the number of their progenitors.
nkx6.1 and nkx6.2 are expressed in gradually segregating domains
In zebraﬁsh, the pancreatic nkx6 expression patterns observed
during the ﬁrst steps of somitogenesis are highly similar to what has
been observed in mice. In both species, both genes are ﬁrst largely co-
expressed in the pancreatic endocrine progenitors, after which their
expression domains rapidly and totally segregate (Henseleit et al.,
2007; this study). Yet the causes of this segregation differ between the
two species.We establish that in zebraﬁsh, it is not the consequence of
a mutual repression of the nkx6 factors as the knockdown of one nkx6
gene does not affect the expression of the other one. The absence of
repression is further supported by the coexpression of both genes in
the neural tube lasting until at least 3 dpf (data not shown). In mice, in
contrast, the segregation can be partly explained by transcriptional
repression of Nkx6.2 by Nkx6.1, since derepression of Nkx6.2 is
observed in the Pdx1+ pancreatic progenitors of the Nkx6.1−/−mice.
However, as the normal pancreatic expression domain of Nkx6.1 is not
fully reconstituted in this case, the distinct expression domains of
these two genes cannot be explained by this mechanism only. Hence,
other factors must contribute to segregation of the two Nkx6
expression domains.
At later stages, the zebraﬁsh pancreatic nkx6 expression patterns
differ from those of mice. In zebraﬁsh, nkx6.1 is never expressed in
mature endocrine cells, while nkx6.2 expression becomes mainly
restricted to the β-cells. In contrast, in mice, Nkx6.1 is the gene whose
expression is restricted to the β-cells, while Nkx6.2 is transiently
expressed in α-cells and exocrine cells and ﬁnally turned off in the
adult pancreas. This discrepancy might suggest that nkx6.2 is in fact
the orthologous of the mouse Nkx6.1, but both phylogenetic studies
and synteny demonstrate that this is not the case (data not shown).
Multi-layer organization of the pancreas at 24 hpf
Our analyses highlight a multi-layer organization of the pancreas,
each layer being deﬁned by expression of a speciﬁc marker. From the
most ventral layer located just below the neuroD domain to the most
dorsal layer of this domain, we observe expression of nkx6.1, sox4b,
and isl1 successively (see Fig. 3Q). The posterior half of the isl1 layer
comprises all hormone-expressing cells, while the anterior half is
devoid of hormone-expressing cells. The isl1 factor being expressed in
post-mitotic cells of the murine pancreas, we hypothesized here that
the isl1+/hormone− cells are progenitors having completed their
mitotic cycle but still needing to complete the last steps of their
differentiation; these progenitors are most probably further in their
differentiation process than the sox4b-expressing cells.
These data suggest that the endocrine progenitors migrate dorsally
from the base of the endocrine bud and express successive markers
during their differentiation process. Cell fate and time-lapse studies
will be necessary to conﬁrm this migratory model.
The nkx6 genes perform similar functions in α- and β-cell differentiation
Our results suggest that in zebraﬁsh, the nkx6 genes can
compensate each other's functions in β-cell differentiation. This
indicates that they share similar biological activities in the develop-
ment of this lineage. They also seem to perform similar functions inα-
cell differentiation, since partial knockdown of the nkx6 genes reduce
Fig. 7. The nkx6 genes are involved in producing/maintaining the endocrine progenitor pool. A–H:WISHs showing expression of sox4b at 18 somites (A–D) and of isl1 at 24 hpf (E–H) in
control (A, E), nkx6.1 (B, F), nkx6.2 (C, G), and nkx6.1/nkx6.2 (D, H) morphants. I–L: Double ﬂuorescent WISHs showing expression of isl1 and of all the pancreatic hormone genes
together in control (I), nkx6.1 (J), nkx6.2 (K), and nkx6.1/nkx6.2 (L) morphants; Z-plane confocal images. All views are ventral with anterior part to the left. Scale: 20 µm. M–P:
Schematic representations (lateral view) of the isl1-, sox4b-, and hormone-expressing cell populations in control and nkx6 morphants. Q: Quantitative analysis of the number of sox4b-
expressing cells at 18 somites in control and nkx6morphants. R: Quantitative analysis of the number of isl1-expressing cells at 24 hpf in control and nkx6morphants (the horizontal line
represents the mean). S: Quantitative analysis of the number of hormone-expressing and hormone-non-expressing isl1-cells at 24 hpf, expressed as percentages (100% being arbitrarily
ﬁxed as the number of cells in control embryos), in control and nkx6 morphants. The presented data are representative of at least three reproducible and independent experiments.
405A.-C. Binot et al. / Developmental Biology 340 (2010) 397–407glucagon expression synergistically. However, ﬁnal proof of this
hypothesis can be provided only by rescue experiments showing
that nkx6.1 can restore glucagon expression in nkx6.2 morphants and
vice versa. Unfortunately, the injection of nkx6.1 or nkx6.2mRNA into
nkx6morphants orwild-type embryos causes profounddefects during
early embryogenesis and highmortality, preventing us from analyzing
the embryos at 30 hpf. Nevertheless, several lines of evidence from
previous works performed in mouse and in zebraﬁsh strongly suggest
that these factors share very similar biological functions. Firstly, the
two nkx6 factors share almost identical homeodomains and bind to
similar consensus sequences (Awatramani et al., 2000; Jorgensen et al.,1999; Mirmira et al., 2000). Secondly, both Pdx1-Nkx6.2 and Pdx1-
Nkx6.1 transgenes can rescue β-cell differentiation in Nkx6.1−/−mice
(Nelson et al., 2007). Thirdly, ectopic expression of Nkx6.1 or Nkx6.2 in
the neural tube of transgenic mice similarly induces motoneuron
formation (Vallstedt et al., 2001). Fourthly, in the zebraﬁsh neural
tube, both nkx6 genes perform similar functions in differentiation of
the primary motoneuron (Hutchinson et al., 2007).
If the nkx6 genes do share similar biological activities in the
differentiation of bothα-cells and β-cells, the absence of compensation
in α-cell differentiation could be due to the fact that α-cell
differentiation requires a greater amount of nkx6 protein than β-cell
Fig. 8. The nkx6 genes are required to the establishment of the endocrine progenitor pool. A–P:WISHs showing expression at 13 somites of pdx1 (A, E, I andM), neuroD (B, F, J and N),
sox4b (C, G, K and O), and pax6b (D, H, L and P) in control (A–D), nkx6.1 (E–H), nkx6.2 (I–L), and nkx6.1/nkx6.2 (M–P)morphants. Except D, H, L and Pwhich are lateral, all views are
ventral; anterior part to the left. Scale: 20 µm. Q–T: quantitative analysis of the number of pdx1- (Q), neurod- (R), sox4b- (S) and pax6b-expressing cells (T) at 13 somites in control
and nkx6 morphants (the horizontal line represents the mean). The presented data were collected from at least two reproducible and independent experiments. In the ﬁgure, the
superior titles are "Pdx1", "NeuroD", "Sox4b" rather than "Pdx1N", "euroDS" and "ox4b". Youwill ﬁnd this ﬁgure, at slightly reduced size, at the following address: https://edc.ulg.ac.
be/merci/ﬁg8_b5c4cd3b3b244ee41533_.eps.
406 A.-C. Binot et al. / Developmental Biology 340 (2010) 397–407differentiation, this level not being reached when expression of one of
the two nkx6 genes is impaired. This is clearly illustrated by the dose–
response curve obtained with the combination of nkx6.1 and nkx6.2
morpholinos (Fig. 5 F), showing thatα-cell differentiation is impaired at
a much lower dose of morpholinos than β-cell differentiation.
The nkx6 genes act at the level of early progenitors
Two observations suggest that the decrease of α- and β-cell
number in nkx6 morphants is due to an early action of nkx6 genes on
pancreatic differentiation. Firstly, nkx6.1 and nkx6.2 can compensate
each other's functions in β-cell differentiation, which implies that
they must perform at least some of these functions at stages when
they are expressed in the same cells, i.e. before the 18-somite stage.
Secondly, expression of both nkx6 genes is required for α-cell
differentiation, while neither gene is ever expressed in α-cells,
which suggests that they act at the level of the α-cell progenitors.
In this perspective, it is noteworthy that in Nkx6.1−/− mice, Pdx1-Nkx6.1 and Pdx1-Nkx6.2 transgenes are both able to rescue β-cell
formation while the same transgenes driven by the promoter of Ngn3,
an endocrine-factor-encoding gene expressed later than Pdx1, cannot.
This implies that at least some of the Nkx6 functions required for β-
cell formation must be performed in the early multipotent Pdx1+
progenitors (Nelson et al., 2007). We demonstrate here that the nkx6
factors act at the level of the pancreatic endocrine progenitors and are
required for the establishment of the progenitor pool. Indeed, we have
seen a reduction of neuroD, pdx1, sox4b and pax6b expression in the
various nkx6 morphants already at the 13-somite stage (Fig. 8). It is
worthy to note that the expression of these progenitor markers are
not affected at the same level, pax6b being much more affected than
sox4b and neuroD. As pax6b starts to be expressed in the pancreas only
from the 12-somite stage while sox4b and neuroD are already
expressed at the 6-somite stage, our data suggest that the remaining
progenitor cells in the nkx6 morphants are blocked in their
differentiation process and are not able to express the tardier marker
pax6b.
407A.-C. Binot et al. / Developmental Biology 340 (2010) 397–407As shown here, knockdown of the nkx6.1 gene in zebraﬁsh leads to
a major decrease in α-cells, while Nkx6.1−/−mice show a decrease in
β-cells. In both species, inhibition of the expression of both nkx6 genes
prevents the formation of both lineages. These apparently different
activities of the nkx6.1 gene in zebraﬁsh and in mice can be reconciled
if one considers the relative timing of α- and β-cell differentiation in
the two species. While in mice, glucagon is the ﬁrst hormone to be
produced, followed one day later by insulin, in zebraﬁsh the insulin
gene is expressed more than 5 h before the onset of glucagon
expression. So in both species, inhibition of the expression of one
nkx6 gene (only Nkx6.1 in mice) affects the cell type that appears
second, while impairment of the expression of both genes affects
formation of both cell types. This could be related with the window of
competence as described in mice where during development, the
pancreatic progenitors go through competence states and thus
become committed to generate different cell types at different stages
(Johansson et al., 2007). In zebraﬁsh, the time window of competence
for the differentiation of α-cells probably occurs after that for β-cell
differentiation. Ourmodel here is that in nkx6.1 and nkx6.2 knockdown
embryos, at when the competence window for α-cells is open, there
are too few progenitors left forα-cell differentiation, as differentiation
of the other, earlier cell types have exhausted the reduced progenitor
pool. In nkx6.1/nkx6.2 double morphants, the more pronounced
progenitor loss would prevent both β-cell and α-cell differentiation.
The involvement of the nkx6 factors in α- and β-cell differentiation
would thus be an indirect consequence of their action on the
establishment of the pancreatic endocrine progenitor pool.
This model raises the question of a common progenitor for α- and
β-cells, as our data do not show any decrease in somatostatin
expression, even though it starts later than insulin expression. Cell
lineage studies using the diphtheria toxin geneunder the control of the
insulin promoter show that ablation of β-cells in zebraﬁsh leads to a
major decrease in the number of α-cells, but does not affect δ-cells.
This suggests a common lineage for α- and β- cells but not for δ-cells
(Li et al., 2009). However, genetic labeling of precursor cells will be
required in order to draw a more elaborated pancreatic endocrine cell
lineage map.
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